Abstract-We investigate a surface plasmon resonance (SPR) The results show that a good transmission dip can be obtained by optimizing these parameters. Thus, the sensor structure can be deployed as an optical biosensor in aqueous environments.
INTRODUCTION
Surface plasmon resonance (SPR) is a physical phenomenon involving the optical excitation of surface plasmon wave (SPW) at the interface between a metal and a dielectric [1] . This phenomenon has been widely deployed as a detection principle for optical sensors. Optical sensors based on SPR are highly sensitive to variations in the refractive index of the surrounding medium which enabled them to be highly efficient for sensing applications in the fields of chemistry, environmental studies, and biological systems. Optical SPR sensors have been evolved from the basic SPR configuration based on Kretchmann configuration which comprises basic optical components such as a glass prism, a thin metal film, and the analyte (sample layer or surrounding medium) [2] [3] [4] . However, prism-based SPR sensors have few drawbacks, for example, their bulky size and implementation difficulties for remote sensing applications. Thus researchers have utilized optical fibers for the excitation of the surface plasmons to overcome such drawbacks.
Few attempts concerning modeling and numerical analysis of SPR-based fiber optical sensors have been reported [5] [6] [7] . In most of these studies the optical fiber sensors are evaluated using multi-layered models based on To the best of our knowledge, no detailed study on the modeling of SPR-based fiber optical sensors using FDTD has been reported. Some researchers applied this technique to analyze gold nanoparticles in localized surface plasmon resonance (LSPR) and photonic crystal optical fibers in SPR sensors [11, 12] .
In this paper, we demonstrate a numerical modeling and analysis of an SPR-based fiber optical sensor using FDTD method from Lumerical Solutions based on the spectral interrogation mode of operation. The optical fiber considered is a single-mode silica fiber coated with a thin gold film. The effects of gold film thickness and amount of residual cladding have been studied.
II. NUMERICAL MODEL
Finite-difference time domain modeling is carried out using a commercial FDTD program (Lumerical, Inc.). An equivalent planar waveguide is considered to substitute the single-mode optical fiber since the modeling of its wave guiding properties is very complicated. The core diameter (dco) of the optical fiber is 5 /lm, and a portion of the cladding is symmetrically removed leaving a residual amount corresponds to del' The polished sections are then coated with a thin gold layer (nm) of thickness dm• This metal layer is covered with a sensing medium (ns) or an analyte (see Figure 1 ) in two sensing regions of length L. A polychromatic light source provides light into the fiber core from one end, and the guided light is detected at the other end.
As mentioned earlier FDTD method requires large amount of computer memory for simulating plasmonic structures such as gold layers in SPR sensors due to the requirement of ultra-fine mesh settings. However, conformal meshing is applied to the gold layer to improve the simulation accuracy without the need for very fine mesh.
The complex relative permittivity of the gold layer in the spectrum ranges from 500 to 1400, and it can be expressed using Drude-Lorentz model as a function of angular frequency [13, 14] , (1) where w p is the plasma frequency for Drude term, Wo is the pole resonance for Lorentz term, EL is the weighting coefficient for Lorentz term , and TD and TLare the damping coefficients. These parameters are determined based on the experimental data of Johnson and Christy [12] . 
III. RESULTS AND DISCUSSION
For p-polarized light, the amount of power transmitted through the power monitors, T(j), normalized to the source power, can be calculated using the transmission function 
The sensitivity and the detection accuracy of SPR sensors are affected by their physical parameters such as the thickness of the metal layer and the amount of residual cladding.
We have simulated the structure shown in Figure 1 . The thickness of the gold layer was 40 nm and the amount of residual cladding was 400 nm. Figure 2 illustrates the SPR response curves which represent the normalized transmitted power as a function of the wavelength for different samples (ns=1.333, 1.388, and 1.441). As shown in Figure 2 , a dip in the transmission curve appears at the resonance wavelength.
The resonance wavelength increases (i.e. the dip is shifted to the right) with the refractive index of the surrounding medium. For high ns (e.g., ns=1.441 in Figure 2 ), a secondary peak appears at a shorter wavelength in addition to the sharp primary resonance peak. These secondary peaks reduce the detection accuracy by introducing noise to the spectrum. 
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Refractive index (RIU) The SPR response curves for different values of ns are measured. Then, the resonance wavelength associated with the minimum transmitted power, Ares' is extracted and plotted versus the refractive index (see Figure 3) . We calculate the sensitivity and SNR values corresponding to the SPR curves of Figure 2 using (3) and (4) and report in Table I . The average sensitivity for an aqueous environment was found to be -900 nmlRIU. However, the sensor exhibits a sensitivity improvement of more than 1 !.un/RIU when the samples have refractive indices higher than 1.388, whereas higher accuracIes are achieved for smaller refractive indices (see Table I ). 
A. Metal Layer Thickness
The sensor performance is influenced by the metal layer thickness. Figure 4 shows the SPR curves with different values of gold film thickness (dm= 30, 40, 50, 70, and 100 nm) for sensing within an aqueous medium (ns=1.333). As described earlier, the sensitivity is proportional to the depth of the SPR curve whereas the detection accuracy is inversely
proportional to the width of the SPR curve; the narrower the width the higher the accuracy. As observed in Figure 4 , decreasing the gold thickness gives rise to wider but deeper SPR dips which leads to lower detection accuracy but higher sensitivity. On the other hand, increasing the gold thickness leads to narrower but shallower SPR dips, resulting in higher detection accuracy but lower sensitivity. Hence, when the gold thickness falls below a certain threshold (e.g. 30 nm), the detection accuracy becomes low due to the wide SPR curves. However, when the values fall beyond a certain threshold (e.g. 70 nm), we observe low sensitivity due to the shallow SPR curves. These shallow SPR curves are attributed to the decay of the evanescent waves with the thickness of the metal layer which makes the sensor unable to detect changes in refractive index (see Figure 5 ). 
Wavelength (urn) Figure 5 . Simulated SPR response curves for different thicknesses of the gold film (dm); 30 nm, 40 nm, 70 nm, and 100 nm for two different refractive indices; 1.333 and 1.358. The amount of residual cladding is del =400 nm.
B. Amount of Residual Cladding
From the FDTD simulation, we found that no resonance condition can be achieved if the cladding is completely removed from the optical fiber (dcl=O). This is due to the high effective index of the SPR mode (neff> 1.64) that does not match that of the waveguide (neff;::: 1.50). As observed in 
IV. CONCLUSIONS
In this paper, we numerically investigated an SPR-based optical fiber sensor implemented in an aqueous medium.
The numerical calculations, using the FDTD method, were realized by modeling a planar waveguide structure substituting the gold-coated polished single-mode optical fiber. Results proved that the designed SPR sensor responds to variations in the refractive index of the surrounding medium. Performance parameters for aqueous SPR sensors (i.e. sensitivity and detection accuracy) are influenced by the depth and width of the SPR response curve where the deeper the curve, the higher the sensitivity and the narrower the width, the higher the accuracy. Depth and width of the sensor curves are influenced by the two physical parameters of the SPR sensors namely the gold layer thickness and amount of residual cladding. We found that a proper combination of gold thickness and residual cladding is needed. Generally, the gold thickness should fall between 40
to 60 nm and the residual cladding has to be optimized between 400 to 500 nm. These results can be used to build an SPR-based optical fiber for monitoring aqueous media.
